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 ABSTRACT 
Indirect evidence of mitochondrial viruses in plants comes from discovery of genomic fragments integrated into the nuclear and 
mitochondrial DNA of a number of plant species. Here, we report the existence of replicating mitochondrial virus in plants: from 
RNAseq data of infected Chenopodium quinoa, a plant species commonly used as a test plant in virus host-range experiments, 
among other virus contigs, we could assemble a 2.7 Kb contig that had highest similarity to mitoviruses found in plant genomes. 
Northern blot analyses confirmed the existence of plus and minus strand RNA corresponding to the mitovirus genome. No DNA 
corresponding to the genomic RNA was detected, excluding the endogenization of such virus. We have tested a number of C. quinoa 
accessions, and the virus was present in a number of commercial varieties, but absent from a large collection of Bolivian and 
Peruvian accessions. The virus could not be transmitted mechanically or by grafting, but it is transmitted vertically through seeds at a 
100% rate. Small RNA analysis of a C. quinoa line carrying the mitovirus and infected by alfalfa mosaic virus showed that the 
typical anti-viral silencing response active against cytoplasmic viruses (21-22 nt vsRNA peaks) is not active against CqMV1, since in 
this specific case the highest accumulating vsRNA length is 16, which is the same as that corresponding to RNA from mitochondrial 
genes. This is evidence of a distinct viral RNA degradation mechanism active inside mitochondria that could possibly have also an 
anti-viral effect. 
IMPORTANCE 
This paper reports the first biological characterization of a bona fide plant mitovirus in an important crop, Chenopodium quinoa, 
providing data supporting that mitoviruses have the typical features of cryptic (persistent) plant viruses. We for the first time 
demonstrate that plant mitoviruses are associated with mitochondria in plants. In contrast with fungal mitoviruses, plant mitoviruses 
are not substantially affected by the anti-viral silencing pathway, and the most abundant mitovirus small RNA length is 16 nt. 
Copyright © 2019 American Society for Microbiology. 
All Rights Reserved. 
 
 
 
 INTRODUCTION 
 
The family Narnaviridae comprises two genera of positive single-stranded (ss) RNA viruses, 52 
  
the Narnavirus and the Mitovirus, both originally thought to be mycoviruses, because fungi are the 53 
  
main natural host in which they can replicate. Both are known to be naked viruses presenting only one 54 
  
ORF that encodes one protein, the RNA-dependent RNA polymerase (RdRp) (1). The two genera are 55 
  
distinguished based on phylogenetic analysis (each of them belongs to a distinct, statistically well-56 
  
supported clade) and on subcellular localization: the narnaviruses replicate and stay in cytosol, 57 
  
whereas the mitoviruses typically replicate and persist in the mitochondrion. Evidence of their 58 
  
mitochondrial localization is provided by the fact that they fractionate with the mitochondrial fraction 59 
  
(2) and that for most of them the ORF is translated using the mitochondrial genetic code (1). The 60 
  
mitoviruses described so far are able to infect only mitochondria of filamentous fungi and in some 61 
  
cases they are associated with hypovirulence (1). Sometimes it seems that the mitochondrial 62 
  
morphology is not affected by the virus, whereas in some other cases they can cause a morphological 63 
  
alteration (i.e. fibrous mitochondria) which were possibly associated with the induced hypovirulence 64 
  
(3).  65 
  
Some fungal mitoviruses have the potential to use both the nuclear and mitochondrial genetic 66 
  
code for the translation of their genomes, and based on this, some authors have hypothesized 67 
  
promiscuous replication in both mitochondria and cytoplasm. However, bioinformatic analysis leads 68 
  
to a different explanation: in those host species where mitovirus RdRp can hypothetically be translated 69 
  
using both genetic codes, the mitochondrial genes have a strong bias for the tryptophan codon that is 70 
  
shared with the nuclear genetic code (UGG). This implies that the exclusive use of UGG codon for 71 
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tryptophan in some mitovirus is not because of a promiscuous lifestyle between mitochondria and 72 
  
cytoplasm, but it reflects the fact that UGA (the only differential codon between the nuclear and 73 
  
 on February 4, 2019 by guesthttp://jvi.asm.org/Downloaded from  
Nerva et al. J. Virol.  
  
  
  
mitochondrial genetic codes in the fungal-plant host species) is not present in general in genes 74 
  
encoded by the mitochondria (4). 75 
  
Intriguingly, species of genus Mitovirus are most closely related to the Leviviridae, the only 76 
  
taxonomically defined group of (+)ssRNA bacterial phages (5, 6). Within the context of the theory of 77 
  
mitochondria derived from an alpha-proteobacterial endosymbiont (7), this suggests that mitoviruses 78 
  
likely derived from an ancestral mitochondrial phage by losing the capsid protein (CP) (8) which is 79 
  
unnecessary due to the absence of an extracellular stage (9).  80 
  
A further interesting observation related to mitoviruses comes from the availability of a great 81 
  
number of complete plant and fungal genomes that were mined to reveal the presence of non-retroviral 82 
  
endogenous RNA viral elements (NERVEs): complete genomes or partial/complete gene sequences of 83 
  
RNA viruses are present in almost all the eukaryotic nuclear genomes (10-13). Specifically, Bruenn 84 
  
and co-authors demonstrated the widespread presence of mitoviral sequences in many plant nuclear 85 
  
and mitochondrial genomes (13). Two different hypotheses can explain this evidence: the first is 86 
  
diverse integration events of a fungal mitovirus, or of a native plant mitochondrial virus, into the 87 
  
mitochondrial genome, and from here to the nucleus as a result of mitochondrial DNA transfer (13, 88 
  
14); the second proposes the possibility of integration of such sequences in plant genomes via fungal 89 
  
mediated horizontal gene transfer (HGT) during the long-term coevolution of fungi and plants (15, 90 
  
16). Very recently, indirect evidence of replicating plant mitoviruses was provided mining the 91 
  
transcriptome of a number of plant species (17). 92 
  
We here report the complete genome sequence and biological characterization of a replicating 93 
  
plant mitovirus detected in a number of Chenopodium quinoa accessions and designated as 94 
  
Chenopodium quinoa mitovirus 1 (CqMV1). Furthermore, we provide evidence of differential small 95 
  
RNA (sRNA) processing of this virus compared to a cytoplasmic plant virus infecting the same plant, 96 
  
indicating the possible involvement of a still uncharacterized new differential anti-viral response 97 
  
inside the mitochondria.  98 
  
 99 
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RESULTS  100 
  
In silico assembly of a mitovirus sequence from NGS analysis of total RNA from a C. 101 
  
quinoa leaf sample.  102 
  
In order to identify a mechanically transmitted viral agent from a Hibiscus rosa-sinensis plant, 103 
  
we submitted for NGS analysis the total RNA (depleted from ribosomal RNA) of C. quinoa leaves 104 
  
showing chlorotic spots that were inoculated with sap from symptomatic H. rosa-sinensis plants 105 
  
(Accession SRR8169409). Our bioinformatics pipeline (18) identified two complete virus genomes: 106 
  
BLAST searches of viral databases identified a contig with high similarity to a tobamovirus -Hibiscus 107 
  
latent ford pierce virus- (19), and a second contig of 2730 nt, which codes for a single putative 108 
  
protein, from nt 322 to nt 2644 (Fig. 1). A BLAST search identified the latter as a putative mitovirus 109 
  
RNA-dependent RNA polymerase (RdRp). Since such a contig was present also in un-inoculated C. 110 
  
quinoa, and not in the original hibiscus plant (data not shown), we decided to provisionally name the 111 
  
putative virus Chenopodium quinoa mitovirus 1 (CqMV1).  Furthermore, to confirm absence of 112 
  
fungal contamination (from endophytes or pathogenic fungi), assembled contigs were analyzed in 113 
  
MEGAN 6 after DIAMOND processing for taxonomical placements of all the assembled contigs from 114 
  
the RNAseq experiment: no fungal contigs were detected (not shown).  115 
  
At the time when we identified the putative mitovirus (Jan 2017, deposited in the databases 116 
  
June 22nd 2017), a tblastn search was performed by using the deduced C. quinoa mitovirus RdRp as 117 
  
query, and when the total nr database was used, the first hits were those of a Solanum tuberosum 118 
  
mitochondrion gene (XP_006364252; e-value 0.0, 98% query coverage, 53% amino acid identity). A 119 
  
number of other Non-retroviral Endogenized RNA Virus Element (NERVEs), described as mitovirus-120 
  
like sequences, are also present in the list of hits obtained by this search. Repeating the tblastn search 121 
  
at the time of submission (October 2018), when limiting to annotated virus sequences, the highest 122 
  
score is to a recently identified Beta vulgaris mitovirus 1 (AVH76945.1; 56% identity at the aa level, 123 
  
82% query cover) (17) that was deposited in the database Dec 21st 2017, and a still uncharacterized 124 
  
Ocimum basilicum RNA virus 2 sequence (YP_009408146; 32% aa identity, 49% query cover) that 125 
  
 on February 4, 2019 by guesthttp://jvi.asm.org/Downloaded from  
Nerva et al. J. Virol.  
  
  
  
was deposited in the database June 3rd 2017. To exclude that such RNA mitoviral sequences resulted 126 
  
from transcription of a full length viral genome endogenized in C. quinoa, we investigated the 127 
  
possible existence of a DNA fragment in the mitochondrial or nuclear DNA corresponding to the 128 
  
assembled viral sequence. For this purpose, we designed specific primers on the predicted ORF and 129 
  
we performed a PCR protocol on both DNA and RNA to identify in which nucleic acid fraction the 130 
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sequence is detectable. C. quinoa plants contained the viral sequence in the RNA fraction, but none of 131 
  
them showed any specific band in the DNA fraction (Fig. 1). These results were also confirmed in a 132 
  
more sensitive qRT-PCR protocol (not shown).   133 
  
We then analyzed the CqMV1 amino acid sequence to identify conserved motifs. In addition 134 
  
to the conserved RdRp domain (GDD), we detected all six conserved motifs characteristic of 135 
  
mitoviruses (20). Due to the putative mitochondrial localization of the virus, we expected an AU 136 
  
content > 60% because of the A-U rich nature of mitochondrial genome (21, 22) but the observed A-U 137 
  
content is 58.39%. Whereas fungal mitoviruses typically use UGA to encode tryptophan rather than a 138 
  
stop codon, in our case all tryptophans are encoded by UGG. 139 
  
Stem-loop secondary structures are characteristic of 5’ and 3’ UTRs sequences of the positive 140 
  
strand mitovirus genomes (3). We here analyzed presence of possible secondary structures with the 141 
  
RNA-Fold software which revealed the presence of these structures at the 5’ UTR region (ΔG = 33 142 
  
kcal/mol; not shown). 143 
  
We then proceeded to carry out a phylogenetic analysis that included representatives of 144 
  
endogenized plant mitoviral sequences, characterized mitoviruses from fungi, and mitoviruses 145 
  
characterized from other plant transcriptomes; as outgroups we included representative of the 146 
  
Narnaviridae family and the recently proposed ourmiaviridae-like family (Fig. 2). As observed by 147 
  
other authors, plant mitoviruses form a well-supported clade within the mitoviruses.  Currently, 148 
  
known mitoviral sequences often group according to their specific host, consistent with co-evolution 149 
  
and infrequent interspecific transmission.  150 
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 CqMV1 is differentially distributed in C. quinoa accession and cultivars. Chenopodium 151 
  
quinoa is known to plant virologists because it is historically a common host-range test plant: it often 152 
  
gives local chlorotic or necrotic lesions upon mechanical inoculation with a number of plant viruses. 153 
  
This species is also a very important agricultural crop (23, 24) because of its resistance to a number of 154 
  
abiotic stresses and for its nutritional value (25, 26).  155 
  
We therefore sought to determine how widespread CqMV1 is within  C. quinoa germplasm by 156 
  
testing seed batches from different sources for the presence of the virus.  For this purpose, initially we 157 
  
compared C. quinoa accessions from different plant virology laboratories (personal collection of 158 
  
Gancho Pasev, Maritsa Vegetable Crops Research Institute, Plovdiv, Bulgaria); later, we purchased a 159 
  
variety of accessions from the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) and 160 
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from the Collection of the U.S National Plant Germplasm System (NPGS). A sensitive and fast qRT-161 
  
PCR protocol was established to screen newly germinated batches of 10 plantlets for each sample. We 162 
  
found that the C. quinoa from our laboratory used as test plants in host range experiment (named in 163 
  
this work IPSP1), some other accessions from the Pasev collection (Supplementary on line table 1), 164 
  
and some common commercial cultivars (cv Regalona and cv Cherry vanilla) were positive for  165 
  
CqMV1.  In contrast, CqMV1 did not infect 42 tested accessions from Peru and Bolivia (from the IPK 166 
  
collection) (Supplementary on line table 1). Accession PI614886 (NPGS collection) from Chile is the 167 
  
C. quinoa accession used for deriving the recently published genome sequence and it carries CqMV1 168 
  
(27). 169 
  
CqMV1 genomic RNA accumulates preferentially in the mitochondrial fraction. 170 
  
Translation of CqMV1 RdRp could hypothetically occur in both the cytoplasm and the mitochondria 171 
  
since the same protein is encoded using both genetic codes. For this reason, we wanted to investigate 172 
  
if virus RNA accumulated preferentially in mitochondria-enriched preparations, compared to whole 173 
  
cell extracts, or to chloroplast-enriched fractions. We adapted a protocol for spinach mitochondrial 174 
  
enrichment and judged purity of the preparation based on chlorophyll fluorescence (Fig. 3A) and 175 
  
presence of specific genetic markers (ORF-X and S3 for mitochondria, S2 for a mitochondrial 176 
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ribosomal protein encoded by a nuclear gene, and Cox for a nuclear encoded gene). RNA was 177 
  
extracted from the different fractions and qRT-PCR was carried out to detect the virus and the mRNA 178 
  
corresponding to each of the marker genes. The virus co-purifies with mitochondrial RNAs.  It is >50 179 
  
fold more abundant in the mitochondrial fraction than in either the chloroplastic or the soluble 180 
  
cytoplasmic RNA fractions (Fig. 3B).  181 
  
Evidence of minus strand CqMV1 RNA accumulation in leaf extracts. The recent 182 
  
contention of “contemporary” mitoviruses infecting plants (17) relies on detection of RNA transcripts 183 
  
corresponding to the mitovirus genome (postitive RT-PCR, after DNAse treatment) in the absence of 184 
  
a corresponding DNA segment (negative PCR). This is robust indirect evidence. Nevertheless, more 185 
  
direct evidence of replicating mitoviruses could come from detection of a negative strand full length 186 
  
RNA corresponding to the viral genome by a PCR-independent method. Therefore, a northern 187 
  
hybridization experiment relying on positive and minus strand run-off transcript probes to detect – 188 
  
strand genomic RNA and + strand genomic RNA respectively, has been performed. We used the 189 
  
accession BO25 as a negative control and Regalona as CqMV1 infected positive control. Our initial 190 
  
experiment with a first pair of + and – strand probes revealed a very abundant accumulation of a 191 
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specific positive strand CqMV1 genomic RNA band only in the virus-infected line. Attempts to detect 192 
  
a specific full length -strand RNA band from leaf extracts failed; only shorter virus specific RNA 193 
  
species could be detected by the positive strand probe designed close to the 3’end of the genome (Fig 194 
  
4A); the presence of a specific full length –strand viral genomic RNA is likely masked by the 195 
  
unspecific hybridization of the probe with a ribosomal band. We repeated the experiment with a 196 
  
second pair of probes designed in a different region of the genome (Fig. 1), and in this case, we were 197 
  
able to show a faint specific band hybridizing with the –sense genomic RNA after 15 days membrane 198 
  
exposure to film (Fig. 4B), evidence of a minimal CqMV1 replicative activity. 199 
  
 Mechanical inoculation, seed transmission and grafting experiments. We then proceeded 200 
  
to investigate some basic biological properties of CqMV1. Most persistent viruses are not 201 
  
mechanically transmissible but are vertically transmissible with 100% rate through seeds. We first 202 
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sought to mechanically transmit CqMV1 from infected C. quinoa to accession BO25, which had 203 
  
tested negative for CqMV1. Out of 20 inoculated plants, none showed evidence of infection in either 204 
  
the inoculated leaf, or systemically, following standard protocols that gave 100% infection with a 205 
  
mechanically transmissible control virus (alfalfa mosaic virus=AMV; not shown).  206 
  
Next, we investigated the vertical transmission rate of the virus in plantlets germinated from 207 
  
seeds obtained from infected plants (IPSP1 and cv Regalona). We tested individually 100 plantlets for 208 
  
each accession by qRT-PCR and all tested positive. Finally, we tested the possibility of transmitting 209 
  
CqMV1 through grafting, which often overcomes the mechanical transmission limitations of non-210 
  
mechanically transmissible viruses. We grafted healthy BO25 on IPSP1 rootstocks (6 plants). We then 211 
  
tested the scion and graft at 1 and 2 months after grafting. CqMV1 could not be detected in any 212 
  
grafted scion systemically, but its presence was confirmed in all the infected rootstocks.  213 
  
Differential symptom severity of pathogenic virus infections on CqMV1-infected and 214 
  
CqMV1-free C. quinoa lines. We focused our experiments on the accessions BO25 and BO78 as 215 
  
negative controls and IPSP1 and Regalona as CqMV1 infected positive controls since they did not 216 
  
show any evident phenotypic differences in our environmental growth conditions. We wanted to test if 217 
  
the presence/absence of the mitovirus has any synergistic or antagonistic effect once the plants are 218 
  
inoculated with a disease-causing plant virus. In particular, the four accessions have been infected 219 
  
with three different pathogenic viruses able to replicate, systemically infect and induce symptoms on 220 
  
C. quinoa plants: i) an isolate of AMV, ii) an isolate of lettuce mosaic virus (LMV) and iii) an isolate 221 
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of hibiscus latent ringspot virus (HLRSV). 222 
  
Leaves of virus-inoculated plants were compared to leaves of mock-inoculated plants 7 days 223 
  
post infection (dpi): for both AMV and HLRV we observed local chlorotic lesions indistinguishable 224 
  
between the CqMV1-infected lines and the CqMV1-free lines (Fig. 5A and Fig. 5C). In contrast, 225 
  
leaves of plants infected with LMV displayed local chlorotic lesions when the leaves came from 226 
  
CqMV1-infected lines, but more severe local necrotic lesions in leaves from CqMV-free lines (Fig. 227 
  
5B). 228 
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 We then repeated symptoms observation on whole plants at 14 dpi. The CqMV1-infected lines 229 
  
IPSP1 and Regalona displayed milder systemic symptoms (Fig. 6D-E-F and Fig. 6J-K-L) compared to 230 
  
the CqMV1-free lines BO25 and BO78 (Fig. 6G-H-I and Fig. 6A-B-C). All four lines showed 231 
  
comparable mild growth impairment, leaf malformation and mild mottling in upper uninoculated 232 
  
leaves. Nevertheless, the most evident specific differential phenotype associated to CqMV1 233 
  
presence/absence is the red-violet stem pigmentation observed in CqMV1-free lines (Fig. 6M). 234 
  
Conversely, mock inoculated or CqMV1-infected plants did not show stem pigmentation (Fig. 6N). 235 
  
 Differential small RNA accumulation and processing of AMV and CqMV1 in infected C. 236 
  
quinoa plants. A number of fungal mitoviruses have been discovered through sRNA characterization, 237 
  
suggesting that--at least in fungi--they are subject to RNAi processing (28, 29). In order to 238 
  
characterize the sRNA present in C. quinoa we decided to compare three libraries of sRNA: i) from 239 
  
CqMV1-free BO25 infected by AMV (Accession SRR8169660); ii) mock-inoculated cv. Regalona 240 
  
carrying CqMV1 (Accession SRR8169658); iii) cv Regalona mechanically infected with AMV 241 
  
(Accession SRR8169659). Using a bioinformatic pipeline that was previously used to assemble de 242 
  
novo virus genomes (18, 30), we first confirmed that accession BO25 does not carry any virus other 243 
  
than AMV, whereas the same pipeline could assemble CqMV1 from cv Regalona and AMV from 244 
  
AMV-infected cultivars. When we looked at the percentage of total sRNA that mapped to the two 245 
  
viral full length sequences we noticed that, for plant mitovirus, the percentage is very low compared to 246 
  
AMV (Table 1), even if the overall genomic RNA is actually more abundant based on qRT-PCR 247 
  
assessment and northern blot (not shown). We then proceeded to look at the size distribution of the 248 
  
sRNA. The availability of the C. quinoa genome (27, 31) allowed us to assess reads mapping to the 249 
  
host genome (with a characteristic peak at 24 nt length common to most plants) and to each of the two 250 
  
viruses. In the case of AMV a typical peak corresponding to 21 nt length (47% of the reads) and a 251 
  
minor 22 nt length peak (30% of the reads) are likely the hallmark of a Dicer and RISC mediated anti-252 
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viral response (Fig. 7). Surprisingly, in the case of reads mapping to CqMV, a sharp peak for the 16 nt 253 
  
long reads corresponding to 30% of the reads was present, whereas the peaks corresponding to 21 and 254 
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22 nt long reads were both below 10% (Fig. 7). Availability of C. quinoa chloroplast (32), and nuclear 255 
  
(27) genomes and our own selection of a number of mitochondrial genes from our transcriptome data, 256 
  
allowed us to check the read-distribution lengths of host sRNA mapping to those genomes. Small 257 
  
RNA mapping onto the chloroplast genome had a major peak at 27 nt length (22%), whereas the 258 
  
second peak is at the 22 nt; in the case of sRNA mapping to mitochondrial genes (in this case only the 259 
  
putative coding sequences were used), a sharp peak is present for 16 nt length (67% of the sRNA). 260 
  
The N terminal nucleotide distribution of reads mapping to CqMV and AMV were A=30.5% 261 
  
C=12.9% G=37.7% U=18.9% and A=25.6% C=16.3% G=10.2% U=47.9%, respectively.  262 
  
We then performed an sRNA miner analysis on reads mapping on the CqMV1 genome to 263 
  
reveal clustered organellar sRNA (cosRNA), which are putative footprints of RNA binding proteins 264 
  
(RBP): using conservative settings we were able to detect eight different footprints from 4 distinct 265 
  
peaks (Supplementary on line Fig. 1). Therefore, sRNA analysis seems to confirm that most of the 266 
  
CqMV1 RNA is likely protected from dicer/RISC mediated viral anti-silencing response inside the 267 
  
mitochondria, where distinct processing occurs resulting mostly in 16 nt length sRNA. 268 
  
 269 
  
DISCUSSION  270 
  
Plant mitoviruses, a new class of cryptic (persistent) plant viruses 271 
  
Our work confirms the recent finding that plant mitochondrial viruses exist not only as 272 
  
widespread endogenized sequences in mitochondrial or nuclear genomes (13), but also as true virus 273 
  
encoded RdRp-depending replicating RNA elements (17). Here we provide further molecular 274 
  
evidence through detection of minus strand RNA. We can also exclude that such a replicating virus is 275 
  
carried by a fungal endophyte based on RNAseq analysis, as our dataset lacks of any fungal reads. 276 
  
Our work is the first to provide evidence that bona fide plant mitoviruses are enriched in plant 277 
  
mitochondria.  278 
  
This is not the first case of a virus associated with plant mitochondria.  The plant virus 279 
  
carnation Italian ringspot virus replicates on mitochondrial external membranes and causes 280 
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multivescicular body alterations of mitochondria (33) but particles and RNA readily accumulate in the 281 
  
cytoplasm, and replicases (p35 and co-terminal p95) targeted to the external membrane of 282 
  
mitochondria have N and C termini on the cytosolic side (33), so this virus is best viewed as 283 
  
cytoplasmic. 284 
  
We also note that viruses have already been characterized from chloroplasts and mitochondria 285 
  
of the green alga Bryopsis sp. (34), specifically, a mitochondrial virus related to fungal totiviruses (35) 286 
  
and a chloroplastic virus related to the partitiviruses (36); both viruses have a typical dsRNA genome 287 
  
and have no phylogenetic relationship with any known bacterial.  In contrast, plant mitoviruses, 288 
  
including CqMV1, are instead phylogenetically related to the phage family Leviviridae.   289 
  
 Our phylogenetic analysis would suggest a comprehensive review of the taxonomy of 290 
  
mitoviruses. Inclusion of a number of well-characterized fungal and plant narna-like viruses and 291 
  
members of the family Leviviridae in the phylogenetic analysis makes it evident that mitoviruses are 292 
  
monophyletic. Their wide diversity warrants the establishment of a family taxon called Mitoviridae, 293 
  
separated from the family Narnaviridae. The newly established family would comprise a number of 294 
  
subfamilies and genera, including the very distantly related mitovirus species characterized from the 295 
  
arbuscular mycorrhyzal fungus Gigaspora margarita which are included in a clade basal to existing 296 
  
characterized mitoviruses (37). As already observed by other authors (17), plant mitovirus are nested 297 
  
in a specific fungal mitovirus clade, therefore raising questions about the evolutionary trajectory of 298 
  
plant mitoviruses which has been discussed at length elsewhere (17).   299 
  
We provide here for the first time a basic biological characterization of a plant mitovirus, 300 
  
which has the typical features of cryptic viruses: they cannot be transmitted horizontally by 301 
  
mechanical inoculation or grafting, whereas they are transmitted vertically at a 100% rate through 302 
  
seeds. Lack of transmission through grafting is indeed an expected result for mitoviruses that replicate 303 
  
in plant mitochondria, since movement of mitochondria through the plant is likely minimal and will 304 
  
not replace existing population of mitochondria. This is somewhat different to what observed in fungi 305 
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where “grafting” (hyphal fusion through anastomoses) was shown to allow mitovirus transmission in 306 
  
some cases (38). 307 
  
 The high level of seed transmission observed in this study is also expected, as seeds formed on 308 
  
infected plants must inherit their parents’ infected mitochondria.  Plants have mechanisms to ensure 309 
  
that mitochondria are only maternally inherited and to maintain low heteroplasmy levels.  310 
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Nevertheless, there is evidence of biparental transmission of mitochondria in plants (39). C. quinoa is 311 
  
normally self-pollinating in nature, but studies of mitochondrial inheritance could potentially be 312 
  
carried out through artificial mechanical emasculation and forced crosses (40). An important avenue 313 
  
of future work will therefore be creation of reciprocal crosses with mitovirus-infected and mitovirus-314 
  
free maternal and paternal lines to allow isolation of quasi-isogenic plants differing only for the 315 
  
mitochondrial/viral content. 316 
  
     Absence of a movement protein in mitovirus genomes and lack of a movement-complementing 317 
  
virus in CqMV1 infected C. quinoa also supports the idea that they can infect all type of cells, 318 
  
including meristematic ones, as is the case of other cryptic viruses (41).  319 
  
     The existence of cryptic viruses in plants was known for at least four decades, since their discovery 320 
  
in a number of different plant species at the end of the 1970s (41). Currently known persistent/cryptic 321 
  
plant viruses include members of five families: Partitiviridae (42-44), Totiviridae (45, 46), 322 
  
Chrisoviridae (47, 48) Endornaviridae (49) and Amalgaviridae (50-53). We here provide convincing 323 
  
evidence that plant mitoviruses should be also defined as cryptic (persistent) viruses. The fact that 324 
  
CqMV1 is present in commercial varieties of C. quinoa (Regalona and Cherry Vanilla), but that a 325 
  
number of other accessions from Bolivia and Peru do not carry any mitovirus, seems to support the 326 
  
idea that they cause no specific harm to their host. Moreover, the widespread occurrence of 327 
  
mitoviruses in domesticated material raises the possibility of their beneficial role in specific agro-328 
  
ecological niches. Recent reviews and metagenomics studies unveiled the widespread occurrence of 329 
  
cryptic (persistent) viruses in plants and other authors have discussed a possible beneficial role for 330 
  
their host (54-56). In particular some studies have looked at the presence of endornavirus as it relates 331 
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to the domestication of pepper (49). There is also growing evidence that other plant viruses, which are 332 
  
not defined as cryptic since in some specific instances they can cause obvious symptoms, can indeed 333 
  
provide advantages to their host in resistance to abiotic stress: an example is grapevine rupestris stem 334 
  
pitting associated virus (GRSPaV) where a molecular mechanism has also been proposed (58, 59). 335 
  
     A preliminary experiment to detect differential symptom reaction to a panel of viruses systemically 336 
  
infecting C. quinoa did not reveal any major synergistic or antagonistic effect caused by CqMV1 337 
  
mitochondrial infection. Nevertheless, some interesting features in specific virus-plant interactions 338 
  
should be pointed out: the enhanced necrotic hypersensitive reaction and the stem pigmentation in the 339 
  
absence of CqMV1 implies that infection with the mitovirus can somehow ameliorate the symptoms 340 
  
of at least some other viruses. We can speculate that the presence of CqMV1 in the mitochondria 341 
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might alter the oxidative stress cellular signaling resulting in necrosis and pigment accumulation. 342 
  
Further classes of biotic and abiotic stress should be tested, in view of the fact that mitochondria are 343 
  
central in a number of stress related phenomena in plants, particularly in the roots mediating tolerance 344 
  
to harsh environments (60).  345 
  
Numerous attempts to isolate CqMV1 dsRNA from infected plants have failed, using a protocol 346 
  
previously described (61) and using as positive control tomato mosaic virus infected C. quinoa and the 347 
  
fungal isolate MUT4330 previously described (61). Lack of detectable dsRNA in CqMV1-infected C. 348 
  
quinoa could be due to the extreme toxicity of dsRNA to plant mitochondria, as recently observed for 349 
  
dsRNA expressed in mitochondria in human cell lines: a specific degradation pathway prevents the 350 
  
export of dsRNA and the onset of a general anti-viral defense driven by MDA5 dependent anti-viral 351 
  
signaling (62).  352 
  
Differential RNA processing inside mitochondria and evidence of a yet undefined anti-viral 353 
  
response 354 
  
Our sRNA analysis indicates that the mitochondrial virus present in C. quinoa is not subject to 355 
  
the Dicer/argonaute dependent anti-viral silencing response that typically targets plant viruses (63). 356 
  
This is not due to a defective silencing response in C. quinoa, because we provided evidence that the 357 
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typical Dicer/argonaute processing occurs in the same AMV-infected C. quinoa plant extract. This 358 
  
raises the question of what might limit mitochondrial virus replication in plants and fungi, where 359 
  
mitoviruses occur. Silencing of fungal mitoviruses is not well characterized, but two recent studies 360 
  
show that mitoviral sRNA generated in fungi is not different from that generated from cytoplasmic 361 
  
viruses in either quality or quantity (28, 29).  Our discovery that plants accumulate very low amounts 362 
  
of mitovirus sRNA and that these are most frequently 16 nt in length is a major difference with fungal 363 
  
systems and raises the question of what molecular pathway generates such a specific sRNA size 364 
  
distribution. Furthermore, the significant differences in the N terminal nucleotide of reads mapping to 365 
  
CqMV and to AMV also point to distinct degradation machineries for the two viruses.  Our data 366 
  
suggest that the 16nt mitoviral sRNA likely result from a non-viral specific RNA degradation process, 367 
  
since size distribution of sRNA generated from mRNAs expressed from the mitochondrial genome 368 
  
shows the same peak at 16nt. In this respect, the combined roles of exoribonucleases such as PNPase 369 
  
and RNR1 and RNA binding proteins in leaving footprints of various lengths could be at the basis of 370 
  
this differential sRNA accumulation, consistent with recent studies of size distribution footprints in 371 
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chloroplast and mitochondrial RNA transcripts in Arabidopsis thaliana (64). Previous authors 372 
  
hypothesized a possible regulatory role of the sRNA resulting from processing by Pentatricopeptide 373 
  
Repeat proteins (PPR proteins, a subset of RBP proteins typical of plants) (64, 65), providing 374 
  
therefore a testable model of anti-viral defense based on intra-mitochondrial sRNA generation.  375 
  
From an evolutionary perspective, it would be interesting to look at bacterial anti-viral 376 
  
responses against RNA viruses (RNA phages). Recent work has shown that RNA bacteriophage 377 
  
diversity is much higher than previously thought (66): while current taxonomy has only two family of 378 
  
prokaryotic RNA viruses, the Leviviridae and the Cystoviridae, indirect evidence indicates that some 379 
  
Picobirnaviridae are bacterial viruses (67). In this respect also new anti-viral defense systems are 380 
  
constantly unveiled (68). Although RNA-guided RNA cleavage by a specific CRISPR RNA-Cas 381 
  
system is known (69), its role in specific anti-viral response in natural systems has yet to be shown 382 
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(70, 71); nevertheless, in an in vitro heterologous system a type III-A CRISPR-Cas system will restrict 383 
  
MS2 RNA phage infection (72). 384 
  
Future work will pursue further biochemical characterization of the sRNA response to 385 
  
mitovirus infection in different biological systems (fungi and plants) and the analysis of possible 386 
  
differential physiological reactions linked to mitovirus infection in plants experiencing harsh 387 
  
environmental stress conditions. 388 
  
 389 
  
MATERIALS AND METHODS 390 
  
Plant material and RNA sequencing. Plant seeds used in this study (accession, seeds from 391 
  
personal collections and from public repositories) are described in detail in Supplementary online 392 
  
Table 1. 393 
  
Total RNA extraction from IPSP1 plants was performed using the Spectrum Plant Total RNA Kit 394 
  
(Sigma-Aldrich, Saint Louis, MO, USA) following manufacturer instructions. RNA quantification and 395 
  
quality were tested using NanoDrop 2000 Spectrophotometer (Thermoscientific, Waltham, MA, 396 
  
USA). Macrogen Europe (Amsterdam, Netherlands) performed ribosomal RNA (rRNA) depletion 397 
  
using the Ribo-Zero™ Plant Kit (Epicentre, Madison, WI, USA), library construction and sequencing 398 
  
using an Illumina HiSeq4000. 399 
  
For mechanical inoculation experiments we used three different virus species, belonging to 400 
  
different families, that systemically infect C. quinoa: the LMV, family Potyviridae, genus Potyvirus 401 
  
(Dim 60, PLAVIT collection), AMV, family Bromovididae, genus Alfamovirus (IFA 30, PLAVIT 402 
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collection) and HLRSV, family Secoviridae, genus Nepovirus (VE 453, PLAVIT collection). 403 
  
Bioinformatics analysis and molecular validation. Raw reads obtained from total RNA 404 
  
sequencing were assembled into contigs using Trinity 2.3.2 (73) and virus were identificatied as 405 
  
already described (18) using Blast+ suite 2.6.0 (74), BWA 0.7.15-r1140 (75) and samtools 1.3 (76).   406 
  
Once viral sequences were identified specific primers were designed (Supplementary on line 407 
  
Tab. 3) to reveal the molecular nature (if DNA, RNA or both). To detect viral sequence possibly 408 
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integrated into in the host genome (both nuclear or mitochondrial) we performed a total nucleic acid 409 
  
extraction using a phenol-chloroform protocol (77). We then performed, on half of the volume, a 410 
  
digestion with RNAse A (four hours) to completely remove any trace of RNAs. The second half of the 411 
  
total nucleic acid extraction was subjected to a four-hour DNAse treatment in order to completely 412 
  
remove all traces of DNA. The DNAsed RNA was then used in a retrotranscription (RT) reaction in 413 
  
order to obtain cDNA suitable for PCR. We then performed PCR with specific primers for both an 414 
  
internal control (COX) and for the viral sequence using as template  the obtained DNA and cDNA 415 
  
samples from the four C. quinoa lines (IPSP1, Regalona, BO25 and BO78). The same templates were 416 
  
used in quantitative retrotranscriptase PCR (qRT-PCR) with specific primers to evaluate presence and 417 
  
quantities of the internal control and the viral sequence in the four different lines. 418 
  
PCR products for viral sequence were cleaned with DNA clean & concentratorTM-5 kit 419 
  
(Zymoresearch, CA, USA), cloned into pGEM-T easy vector (Promega, Madison, WI, USA) and 420 
  
sequenced at Bio-Fab Research (Rome, Italy).  421 
  
The 5’ and 3’ terminal sequences were obtained through the RACE protocol.  Presence of possible 422 
  
secondary structure was evaluated using RNAfold (78). 423 
  
 To identify possible contamination with fungal sequences in our RNAseq experiments we 424 
  
analyzed taxonomic placement of all the assembled contigs using MEGAN6 software (79). 425 
  
Small-RNA sequencing and analysis. To detect CqMV1 small RNAs (sRNAs) we started 426 
  
from total RNA extraction of mock inoculated accession Regalona and Regalona infected by AMV. In 427 
  
parallel BO78 accession infected by AMV was used as negative CqMV1 control. Total RNA from the 428 
  
three samples were sent to the Italian Institute for Genomic Medicine (IIGM, Turin, Italy) where 429 
  
sRNAs were isolated, library constructed and then sequenced using a MiSeq System (Illumina Inc., 430 
  
San Diego, CA, USA). 431 
  
Raw reads were cleaned from adaptor, quality filtered using the FASTX-toolkit 432 
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(http://hannonlab.cshl.edu/fastx_toolkit/index.html) and then assembled using Velvet (80) and Oases 433 
  
(81). Contigs were used in blastx and blastn searches against a custom database to identify viral 434 
  
 on February 4, 2019 by guesthttp://jvi.asm.org/Downloaded from  
Nerva et al. J. Virol.  
  
  
  
sequences. To determine the sRNA size distribution on viral genomes (both CqMV1 and AMV) we 435 
  
used BWA (75) and samtools (76) to map raw reads against the two viral genomes and we then 436 
  
filtered for reads length trough a custom Perl script. Due to the unexpected pattern of sRNA mapping 437 
  
on CqMV1 genome we decided to map also raw reads against C. quinoa genes. For nuclear and 438 
  
chloroplast genes representation we used the genome assembly GCF_001683475.1 and NC_034949.1. 439 
  
Due to absence of available mitochondrial genome assembly for C. quinoa we created a custom 440 
  
database containing gene sequences of mitochondrial origin retrieved from the total RNA sequencing 441 
  
by comparing with Arabidopsis thaliana mitochondrial genome (NC_037304.1). The relative 442 
  
frequency of each nucleotide at 5' N-terminal position of the small RNAs was calculated using Galaxy 443 
  
tools (82). 444 
  
We performed an analysis for clustered organellar sRNA using sRNA miner, implemented in 445 
  
R/Bioconductor (83) using as parameter 40 for the minimal reads for end and 0.85 for the sharpness of 446 
  
end.  447 
  
Phylogenetic analysis. Predicted ORF encoding for RdRp were used to build an alignment 448 
  
using MUSCLE algorithm implemented in MEGA 6 (84). Phylogenetic tree was built using the 449 
  
maximum likelihood method, aligned protein sequences were used to estimate the best substitution 450 
  
rate and parameter with MEGA 6. Substitution pattern and rates were estimated under the model 451 
  
designed by Dimmic (+Gamma +Invar +Freq) (85). One thousand bootstrap replicates were 452 
  
performed and branches with bootstrap value under 50 have been collapsed. A list of the accession 453 
  
numbers of the viruses contained in the tree is shown in supplementary table 2. 454 
  
Mitochondrial and Chloroplast enrichment protocol and quantitative evaluation of 455 
  
CqMV1 and marker genes.  Chloroplast and mitochondria enriched fractions were obtained by a 456 
  
modified protocol already used for cucumber plants (86, 87). Ten grams of C. quinoa leaves were 457 
  
homogenized in the ratio 1:10 in chilled extraction buffer (Sucrose 0,45 M, MOPS 15mM, EGTA 458 
  
1.5mM, pH 7.4 with KOH) added with PVP 0.6%, BSA 0.2%, DTT 10mM and PMSF 0.2mM. After 459 
  
filtration on Miracloth (Calbiochem) the homogenate was centrifuged at 2000g for 5 min to separate 460 
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chloroplasts and cell debris. Pellet was used for the subsequent chloroplast purification; instead, the 461 
  
supernatant was again centrifuged at 13000g for 30 min to obtain the mitochondrial fraction in the 462 
  
pellet. From this point, the protocol followed two different ways. 463 
  
Crude chloroplasts pellet were suspended in 1 ml of sorbitol resuspension buffer (SRM, 464 
  
Sorbitol 1.65M, Hepes 250 mM pH8 with KOH) and layered on a Percoll® (Sigma-Aldrich) gradient 465 
  
(35% buffer and 80% in SRM) and centrifuged at 2600g  in a swing out rotor (SW41 Beckman) for 10 466 
  
min. After centrifugation, the fraction with chloroplast was collected with a Pasteur pipette, diluted in 467 
  
30 ml of SRM buffer and centrifuged at 2000g for 5 min, to remove all the Percoll. This step was 468 
  
repeated for two times. Pellet was then suspended in resuspension buffer (RB, Mannitol 0.4 M, Mops 469 
  
10 mM, EGTA 1 mM, pH 7.2) added with PMSF 0.2 mM, and checked on the microscope to evaluate 470 
  
the purity of the preparation. Crude mitochondria pellet was resuspended in 1 ml of washing buffer 471 
  
(WB; sucrose 0.6 M, Mops 20 mM, EGTA 2 mM, pH 7.2 with KOH) added with PMSF 0.2 mM, 472 
  
layered on a Percoll gradient (18%, 23% and 40% in WB) and centrifuged at 12000g in SW21 473 
  
(Beckmann) for 45 min. Mitochondrial fraction, between the 23% and 40% interface, was collected 474 
  
with a Pasteur pipette and two wash-step were performed as already described for chloroplasts in WB. 475 
  
We resuspended pellet in about 0.1 ml and checked the quality of purification by observation with 476 
  
fluorescent microscope. Mitochondrial and chloroplast enriched fractions were stored at -80°C until 477 
  
use for RNA extraction and qRT-PCR analysis. In order to check which fraction contained virus 478 
  
genome enrichments, RNA was extracted using the SpectrumTM plant total RNA kit (Sigma-Aldrich, 479 
  
Saint Louis, MO, USA) from preparations representing normalized amounts of each fraction. 480 
  
Complementary DNA (cDNA) was synthesized using the High Capacity cDNA Reverse Transcription 481 
  
Kit (Applied Biosystems, Foster city, CA, USA). We then tested the presence of virus genomic RNA 482 
  
and mRNA corresponding to a number of marker genes with quantitative real time PCR using a 483 
  
CFX96TM apparatus (Biorad, Hercules, CA, USA) and iTaqTM Universal Probes and iTaqTM Universal 484 
  
SYBR Supermixes (Biorad) following protocols previously described (88). The marker genes 485 
  
corresponded to sequences of the Cytochrome P450 oxydase (ANY30855.1); the S2 ribosomal 486 
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protein, present in the mitochondria but encoded by the nuclear genome (89); the S3 ribosomal 487 
  
protein, encoded by plant mitochondrial genomes (90); the ORF-X protein, also encoded by 488 
  
mitochondrial genomes (91); C. quinoa sequences related to the latter three genes were retrieved from 489 
  
our RNAseq database. Oligonucleotides used for qRT-PCR are displayed in Supplementary on line 490 
  
table 3. 491 
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 Northern blot analysis.  For Northern blot analyses, total RNA from leaves of different age 492 
  
was prepared using Total Spectrum RNA Reagent (Sigma-Aldrich) as suggested by the manufacturer. 493 
  
RNA samples were separated in denaturing conditions (glyoxal method) as detailed, using HEPES-494 
  
EDTA buffer (92). Radio-labeled probes were prepared from linearized plasmid containing the cDNA 495 
  
clones (producing probes in both orientation) through T7 transcription using the Maxiscript T7 kit 496 
  
reagents (Thermo Fisher Scientific Inc., Waltham, MA, USA) as suggested by manufacturer. 497 
  
 qRT-PCR fast screening method. For a fast screening of viral infection we applied 498 
  
modifications of a simple qRT-PCR protocol that uses crude extracts as template (93).  We placed 30 499 
  
seeds to germinate in 90 mm diameter Petri dishes with wet filter paper and let it germinate for 3 days 500 
  
(or single plantlets in the case of seed transmission assay). Plantlets of all the accession tested were 501 
  
placed in extraction bags (Bioreba, Reinach, Switzerland) and diluted 1:20 (w/v) with carbonate buffer 502 
  
pH 9.6 (94) added with 2% PVP40, 0.2% BSA, 1% sodium metabisulfite and 0.05% tween 20. Raw 503 
  
extract has been diluted 1:10 in sterile water and boiled 10 min at 95 °C. qRT-PCR screening was 504 
  
performed using a CFX96™ Real-Time PCR Detection System (Biorad), PCR mix was prepared with 505 
  
iTaq™ Universal Probes Supermix (Biorad) adding 3 U of reverse transcriptase from High-Capacity 506 
  
RNA-to-cDNA Kit (Thermo Fisher Scientific) for each sample. Reactions have been performed in 10 507 
  
µl of total volume adding 1 µl of boiled extract to 9 µl of PCR mix. The qRT-PCR protocol has a 30 508 
  
min step at 37°C to perform the reverse transcription of the viral genome, then is followed by 1 min at 509 
  
94 °C and 40 steps of denaturation at 95 °C for 10 sec, annealing and extension at 60 °C for 30 sec. 510 
  
 Data availability.  The GenBank/eMBL/DDBJ accession numbers of the sequences reported 511 
  
in this paper is MF375475. 512 
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FIGURE LEGENDS 724 
  725 
 FIG 1 Chenopodium quinoa mitovirus 1 (CqMV1) genome organization and its replicative nature. (A) genome 726 
 organization of the single positive strand genome with the RdRp ORF (blue box). The position of the two DNA segments 727 
 amplified by reverse transcriptase PCR and used as probes in northern hybridization experiments are shown as black lines 728 
 (Probe 1 and Probe 2). nt= nucleotide position on the genome. (B) Ethidium bromide stained TAE gel (1%) to separate 729 
 PCR products from RNA template and DNA template extracted from Chenopodium quinoa IPSP1. M= molecular weight 730 
 marker; RT= reverse transcriptase; no-RT= RNA template without reverse transcriptase. Kb=kilobases.  731 
  732 
 FIG 2 Chenopodium quinoa mitovirus 1 phylogenetic placement. Predicted ORF encoding RdRp were used to build an 733 
 alignment using MUSCLE implemented in MEGA 6 (Tamura et al. 2013). Phylogenetic tree was built using the maximum 734 
 likelihood method with 1000 bootstrap replicates. Branches with bootstrap value <50 have been collapsed. The analysis 735 
 involved 125 amino acid sequences. All positions with less than 90% site coverage were eliminated. There were a total of 736 
 457 positions in the final dataset. A list of the accession numbers of the viruses contained in the tree is shown in 737 
 supplementary on line Table 2. The diamond symbol represents a node that was collapsed, which includes 27 RdRp 738 
 sequences from a number of invertebrate and plant ourmiaviruses, still awaiting a taxonomical classification. Asterisks 739 
 indicate endogenized plant mitochondrial sequences.  740 
  741 
 FIG 3 Chenopodium quinoa mitovirus 1 (CqMV1) genomic RNA is enriched in mitochondrial fractions. (A) Fluorescent 742 
 microscopy observation of mitochondria (a-c) and chloroplasts (d-f) fractions purified from Chenopodium quinoa leaves. 743 
 a, d: bright-field; b, e: chlorophyll fluorescence; c, f: overlay of the two images. Magnification bar: 50 m. (B) Real time 744 
 quantification of RNA corresponding to CqMV1 and two nuclear (Cox and S2) and two mitochondrial genes (OrfX and 745 
 S3). All quantifications are relative to the amount of virus or mRNA present in the Supernatant of the 14K centrifuge run: 746 
 such amount was arbitrarily established as 1. Error bars represent standard error of the mean (n=3).    747 
  748 
 FIG 4 Evidence of minus strand genomic RNA accumulation. Time of autoradiography exposure is indicated at the 749 
 bottom of each panel (exp); RNA samples were extracted from leaves from uninfected Chenopodium quinoa accession 750 
 BO25 (V-) and from Chenopodium quinoa mitovirus 1 (CqMV1)-infected Chenopodium quinoa cultivar Regalona (V+).   751 
 In each panel, negative sense probe reacting with the viral positive RNA strand is shown on the left and positive strand 752 
 probe reacting with the viral negative RNA strand is shown on the right. Asterisks show weak specific signals given by 753 
 positive probes targeting the viral negative RNA strand.  (A) panel shows signal from the two orientations of  Probe 1 (see 754 
 Fig. 1), (B) panel shows signal given by Probe 2 (see Fig. 1). Lower panels are methylene blue stained membranes 755 
 showing ribosomal RNAs loading (rRNA).    756 
  757 
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 FIG 5 Differential symptom severity of virus infections: local symptoms in leaves. Two Chenopodium quinoa mitovirus 1 758 
 (CqMV1) infected accessions (cv Regalona and IPSP1) and two CqMV1-free accessions (BO25 and BO75) were used to 759 
 assess their responses when inoculated with pathogenic viruses. Observations were done at 7 days post inoculation (dpi). 760 
 In panel A, alfalfa mosaic virus (AMV) locally inoculated leaves did not show differences in term of symptoms severity 761 
 between CqMV1-infected and CqMV1-free accessions. In panel B, infection with Lettuce mosaic virus (LMV) revealed 762 
 differences between CqMV1-infected accessions, in which chlorotic lesions were observed, and CqMV1-free accessions, 763 
 in which necrotic lesion (red arrows) were observed. In panel C, infection with Hibiscus latent ringspot virus (HLRSV) did 764 
 not revealed symptom differences among the four accessions. 765 
  766 
 FIG 6 Differential symptom severity of virus infections: systemic symptoms. Two Chenopodium quinoa mitovirus 1 767 
 (CqMV1) infected accessions and two CqMV1-free accessions were used to assess their responses when inoculated with 768 
 three pathogenic viruses. Observations were done at 14 days post inoculation. In vertical rows the virus species used in the 769 
 experiments: alfalfa mosaic virus (AMV) A,D,G,J; Lettuce mosaic virus (LMV) B,E,H,K; Hibiscus latent ring spot virus 770 
 (HLRSV) C,F,I,L. In horizontal rows the four Chenopodium quinoa accessions BO78. BO25, IPSP1, and Ragalona 771 
 (Regal.) are reported. A negative mock-inoculated plant of the same age is present next to two infected plants in each 772 
 panel. All accessions shows systemic symptoms of mild growth impairment, malformation and mild mottling. CqMV1-773 
 free accessions BO78 (A,B,C) and BO25 (D,E,F), showed red-violet pigmentation on stems (white arrows) whereas 774 
 CqMV1 infected accessions IPSP1 (G,H,I) and Regalona (J,K,L) and mock inoculated plants did not showed any 775 
 pigmentation. Inset of a pigmented stem from accession BO78 infected by LMV (panel B) is enlarged in panel M, whereas 776 
 inset of a stem of cultivar Regalona also infected by LMV (panel K) is enlarged in panel N.  777 
  778 
 FIG 7 Small RNA (sRNA) length distribution in virus infected Chenopodium quinoa leaves. Reads from small RNA 779 
 (sRNA) sequencing were mapped against genes encoded by chloroplast, nucleus, mitochondrion, alfalfa mosaic virus 780 
 (AMV) and Chenopodium quinoa mitovirus 1 (CqMV1) genomes. Abundance is expressed as percentage of reads of a 781 
 particular length and arrows above bars indicates the most abundant sRNA length inside the specific gene set. CqMV1 782 
 shared the same sRNA pattern distribution of genes encoded by the mitochondrial genomes, suggesting a mitochondrial 783 
 localization and a specific but still uncharacterized RNA-degradation pathway inside the mitochondria.  784 
  785 
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Table 1. Small RNA reads mapping against each of the corresponding genomes as a percentage of total reads in Chenopodium 
quinoa cv Regalona, cv. Regalona infected with AMV and BO78 infected with AMV.  
 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional 
Repository 
 
 
 
 
 
 
 
 
 
 
FIG 1 Chenopodium quinoa mitovirus 1 (CqMV1) genome organization and its replicative nature. (A) genome 
727 organization of the single positive strand genome with the RdRp ORF (blue box). The position of the two DNA segments 
728 amplified by reverse transcriptase PCR and used as probes in northern hybridization experiments are shown as black lines 
729 (Probe 1 and Probe 2). nt= nucleotide position on the genome. (B) Ethidium bromide stained TAE gel (1%) to separate 
730 PCR products from RNA template and DNA template extracted from Chenopodium quinoa IPSP1. M= molecular weight 
731 marker; RT= reverse transcriptase; no-RT= RNA template without reverse transcriptase. Kb=kilobases. 
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FIG 2 Chenopodium quinoa mitovirus 1 phylogenetic placement. Predicted ORF encoding RdRp were used to build an 733 
 alignment using MUSCLE implemented in MEGA 6 (Tamura et al. 2013). Phylogenetic tree was built using the maximum 734 
 likelihood method with 1000 bootstrap replicates. Branches with bootstrap value <50 have been collapsed. The analysis 735 
 involved 125 amino acid sequences. All positions with less than 90% site coverage were eliminated. There were a total of 736 
 457 positions in the final dataset. A list of the accession numbers of the viruses contained in the tree is shown in 737 
 supplementary on line Table 2. The diamond symbol represents a node that was collapsed, which includes 27 RdRp 738 
 sequences from a number of invertebrate and plant ourmiaviruses, still awaiting a taxonomical classification. Asterisks 739 
 indicate endogenized plant mitochondrial sequences.   
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FIG 3 Chenopodium quinoa mitovirus 1 (CqMV1) genomic RNA is enriched in mitochondrial fractions. (A) Fluorescent 742 
 microscopy observation of mitochondria (a-c) and chloroplasts (d-f) fractions purified from Chenopodium quinoa leaves. 743 
 a, d: bright-field; b, e: chlorophyll fluorescence; c, f: overlay of the two images. Magnification bar: 50 m. (B) Real time 744 
 quantification of RNA corresponding to CqMV1 and two nuclear (Cox and S2) and two mitochondrial genes (OrfX and 745 
 S3). All quantifications are relative to the amount of virus or mRNA present in the Supernatant of the 14K centrifuge run: 746 
 such amount was arbitrarily established as 1. Error bars represent standard error of the mean (n=3).   
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FIG 4 Evidence of minus strand genomic RNA accumulation. Time of autoradiography exposure is indicated at the 749 
 bottom of each panel (exp); RNA samples were extracted from leaves from uninfected Chenopodium quinoa accession 750 
 BO25 (V-) and from Chenopodium quinoa mitovirus 1 (CqMV1)-infected Chenopodium quinoa cultivar Regalona (V+).   751 
 In each panel, negative sense probe reacting with the viral positive RNA strand is shown on the left and positive strand 752 
 probe reacting with the viral negative RNA strand is shown on the right. Asterisks show weak specific signals given by 753 
 positive probes targeting the viral negative RNA strand.  (A) panel shows signal from the two orientations of  Probe 1 (see 754 
 Fig. 1), (B) panel shows signal given by Probe 2 (see Fig. 1). Lower panels are methylene blue stained membranes 755 
 showing ribosomal RNAs loading (rRNA).     
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FIG 5 Differential symptom severity of virus infections: local symptoms in leaves. Two Chenopodium quinoa mitovirus 1 758 
 (CqMV1) infected accessions (cv Regalona and IPSP1) and two CqMV1-free accessions (BO25 and BO75) were used to 759 
 assess their responses when inoculated with pathogenic viruses. Observations were done at 7 days post inoculation (dpi). 760 
 In panel A, alfalfa mosaic virus (AMV) locally inoculated leaves did not show differences in term of symptoms severity 761 
 between CqMV1-infected and CqMV1-free accessions. In panel B, infection with Lettuce mosaic virus (LMV) revealed 762 
 differences between CqMV1-infected accessions, in which chlorotic lesions were observed, and CqMV1-free accessions, 763 
 in which necrotic lesion (red arrows) were observed. In panel C, infection with Hibiscus latent ringspot virus (HLRSV) did 764 
 not revealed symptom differences among the four accessions 
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FIG 6 Differential symptom severity of virus infections: systemic symptoms. Two Chenopodium quinoa mitovirus 1 767 
 (CqMV1) infected accessions and two CqMV1-free accessions were used to assess their responses when inoculated with 768 
 three pathogenic viruses. Observations were done at 14 days post inoculation. In vertical rows the virus species used in the 769 
 experiments: alfalfa mosaic virus (AMV) A,D,G,J; Lettuce mosaic virus (LMV) B,E,H,K; Hibiscus latent ring spot virus 770 
 (HLRSV) C,F,I,L. In horizontal rows the four Chenopodium quinoa accessions BO78. BO25, IPSP1, and Ragalona 771 
 (Regal.) are reported. A negative mock-inoculated plant of the same age is present next to two infected plants in each 772 
 panel. All accessions shows systemic symptoms of mild growth impairment, malformation and mild mottling. CqMV1-773 
 free accessions BO78 (A,B,C) and BO25 (D,E,F), showed red-violet pigmentation on stems (white arrows) whereas 774 
 CqMV1 infected accessions IPSP1 (G,H,I) and Regalona (J,K,L) and mock inoculated plants did not showed any 775 
 pigmentation. Inset of a pigmented stem from accession BO78 infected by LMV (panel B) is enlarged in panel M, whereas 776 
 inset of a stem of cultivar Regalona also infected by LMV (panel K) is enlarged in panel N.   
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FIG 7 Small RNA (sRNA) length distribution in virus infected Chenopodium quinoa leaves. Reads from small RNA 779 
 (sRNA) sequencing were mapped against genes encoded by chloroplast, nucleus, mitochondrion, alfalfa mosaic virus 780 
 (AMV) and Chenopodium quinoa mitovirus 1 (CqMV1) genomes. Abundance is expressed as percentage of reads of a 781 
 particular length and arrows above bars indicates the most abundant sRNA length inside the specific gene set. CqMV1 782 
 shared the same sRNA pattern distribution of genes encoded by the mitochondrial genomes, suggesting a mitochondrial 783 
 localization and a specific but still uncharacterized RNA-degradation pathway inside the mitochondria. 
